The PAR-3͞PAR-6͞atypical PKC (aPKC) complex is required for axon-dendrite specification of hippocampal neurons. However, the downstream effectors of this complex are not well defined. In this article, we report a role for microtubule affinity-regulating kinase (MARK)͞PAR-1 in axon-dendrite specification. Knocking down MARK2 expression with small interfering RNAs induced formation of multiple axon-like neurites and promoted axon outgrowth. Ectopic expression of MARK2 caused phosphorylation of tau (S262) and led to loss of axons, and this phenotype was rescued by expression of PAR-3, PAR-6, and aPKC. In contrast, the polarity defects caused by an MARK2 mutant (T595A), which is not responsive to aPKC, were not rescued by the PAR-3͞PAR-6͞aPKC complex. Moreover, polarity was abrogated in neurons overexpressing a mutant of MARK2 with a deleted kinase domain but an intact aPKC-binding domain. Finally, suppression of MARK2 rescued the polarity defects induced by a dominant-negative aPKC mutant. These results suggest that MARK2 is involved in neuronal polarization and functions downstream of the PAR-3͞PAR-6͞aPKC complex. We propose that aPKC in complex with PAR-3͞PAR-6 negatively regulates MARK(s), which in turn causes dephosphorylation of microtubule-associated proteins, such as tau, leading to the assembly of microtubules and elongation of axons.
T ypical mature neurons have one axon and multiple dendrites. They receive information at the dendrites and send signals to other neurons via the axons. Thus, proper polarization of neurons is important for brain wiring. Cultured hippocampal neurons are a model system for studying neuronal polarity (1) (2) (3) . They form lamellipodia shortly after plating (stage 1). Within 12-24 h, they extend several minor processes with dynamic growth cones that are indistinguishable in length (stage 2). After an additional 12 to 24 h, one of the processes grows faster and becomes the axon (stage 3), whereas other neurites grow at a slower rate and become dendrites (1, 3) . Axons and dendrites also differ in their composition of microtubule-associated proteins (MAPs), with dephospho-tau (Tau1) and MAP1b rich in axons and MAP2 rich in dendrites (4) (5) (6) (7) .
Polarization is regulated by the intrinsic activity of developing neurons, and intracellular pathways that specify axon formation are just beginning to be understood (3, 8, 9) . Regulation of local microtubule (MT) and actin organization is critical for neuronal polarization (2, 3, 7, 10) . For example, hippocampal neurons isolated from mice lacking both tau and MAP1b showed strong defects in neuronal polarity (11) . The crucial role of another MT-binding protein, CRMP-2, in neuronal polarization is determined by its dephosphorylation resulting from glycogen synthase kinase 3␤ (GSK3␤) inhibition (12) . Phosphatidylinositol 3-kinase is necessary for establishment and maintenance of neuronal polarity, probably by inhibiting GSK3␤ (12, 13) . In addition, the evolutionarily conserved tripartite complex of PAR-3, PAR-6, and atypical PKC (aPKC) is involved in axon specification of hippocampal neurons (14) (15) (16) , although not in Drosophila (17) . Upstream of this complex may be Rap1B, a GTPase localized at the tip of a single neurite (16) . The PAR complex in association with the GEF protein STEF͞Tiam regulates Rac activation by Cdc42, a process required for neuronal polarization (18) . However, how the PAR-3͞PAR-6͞aPKC complex functions to regulate neuronal polarity remains unknown. Considering the importance of microtubule affinityregulating kinase (MARK)͞PAR-1, a family of serine͞threonine protein kinases implicated in polarization of epithelial cells (19, 20) and in MT disassembly (21, 22) , we investigated the contribution made by MARK2͞PAR-1b to neuronal polarization.
In this article, we report that suppressing MARK2 expression in hippocampal neurons promotes axon outgrowth and results in neurons containing several rather than a single axon. Ectopic MARK2 expression causes neurons to lose axons and become unpolarized. Moreover, MARK2 activity is opposed by the PAR-3͞PAR-6͞aPKC polarity complex. Importantly, suppressing MARK2 expression rescues the neuronal polarity defect observed in cells expressing an aPKC mutant, and expression of an MARK2 mutant lacking kinase domain but retaining aPKC-binding ability abrogates neuronal polarity. These findings indicate that MARK2 is negatively regulated by the PAR-3͞PAR-6͞aPKC polarity complex.
Results
Suppressing MARK2 Induces Formation of Multiple Axons. MARK2 is negatively regulated by aPKC, which phosphorylates MARK2 on T595 (26) . Interestingly, the ratio of p-MARK2 (T595)͞MARK2 in axon tips of stage-3 neurons was significantly higher than that in dendrite tips (for details, see Supporting Results and Fig. 6 , which are published as supporting information on the PNAS web site). To explore the function of MARK2, we designed two small interfering RNAs (siRNA), siRNA-1677 and -1180. siRNA-1677 suppressed MARK2 expression in transfected human embryonic kidney (HEK)-293 cells compared with control siRNA, whereas siRNA-1180 had little effect (Fig. 1 A) . Importantly, expression of EGFPtau was not affected by the MARK2-specific siRNA (Fig. 1 A) . The effect of siRNA was also examined in primary neurons in which endogenous MARK2 was suppressed by siRNA-1677 but not siRNA-1180 (Fig. 1B) . To examine the effects of the MARK2-siRNA on neuronal polarity, hippocampal neurons were electroporated with MARK2-siRNAs, together with an EGFP plasmid before plating and were analyzed at 3 days in vitro (DIV3) for their ability to polarize. As seen in Fig. 1 , neurons expressing EGFP alone showed normal polarity, as indicated by the presence of a single process labeled with the axonal marker Tau1 (Fig. 1C) . In contrast, the majority (Ϸ63%) of neurons transfected with siRNA-1677 developed multiple long processes that stained positive for Tau1, identifying them as axons (Fig. 1 D and G) . Only a small fraction of neurons transfected with either control siRNA (Ϸ13%) or siRNAi-1180 (Ϸ12%) grew multiple axon-like processes (Fig. 1G) . Fig. 7 , which is published as supporting information on the PNAS web site, showed that siRNA-1677-treated neurons had multiple long processes labeled with TUJ1, and these processes were longer than the single axons of neighboring nontransfected cells (see Fig.  7C ). Synapsin, another axonal marker in mature neurons (24) , was also seen in the multiple long processes generated in MARK2-siRNA-treated cells at DIV5 (Fig. 1E) , further confirming their axonal properties. Transfection with MARK2-siRNA-1677 caused a 2-fold increase in axon length, whereas MARK2-siRNA-1180 had no apparent effect (Fig. 1F) . Interestingly, siRNA-1677-transfected cells often exhibited numerous long protrusions along their axonlike processes (see Fig. 7 D, F, and G) , reminiscent of dynamic F-actin (see Fig. 7B ). These structures were rarely observed in control cells (see Fig. 7E ).
aPKC Inhibits MARK2 Phosphorylation of Tau. How does MARK2 specify axon formation? MARK phosphorylates MAPs, such as doublecortin, MAP2, MAP4, and tau, to trigger MT disassembly (21, 22, 25) . As shown in Fig. 2 , knocking down MARK2 expression with siRNA-1677 in primary neurons resulted in a decrease of tau phosphorylation at S262 and an increase of Tau1, whereas the level of total tau was not altered ( Fig. 2A) . This result suggests the involvement of MARK2 in phosphorylating tau in vivo. aPKC associates with and phosphorylates MARK2͞PAR-1 on a specific site, T595 in PAR-1b (20, 26, 27) , leading to a loss of plasma membrane binding and inhibition of MARK2͞PAR-1b kinase activity (26) . Consistent with the positive staining of p-MARK2 (T595) in neurons at stage 3 ( Fig. 6F ), immunoblotting revealed that the level of p-MARK2 (T595) in hippocampal neurons was high on day 3 (with most neurons in stage 3) but low on day 1 (with most neurons in stages 1 and 2) (Fig. 2B) . Bisindolylmaleimide, an inhibitor of PKC, significantly decreased MARK2 phosphorylation at T595 (Fig. 2B ). In agreement with this result, overexpression of MARK2 in HEK-293 cells or PC12 cells increased tau phosphorylation at S262 ( Fig. 2C and see Fig. 8A , which is published as supporting information on the PNAS web site). However, when aPKC was cotransfected with MARK2, the phosphorylation of tau (S262) was significantly decreased ( In contrast, aPKC did not block the ability of MARK2T595A, a mutant that retains kinase activity but cannot be phosphorylated by aPKC (26) , to phosphorylate tau ( The SAD kinases contain a kinase domain related to that of MARK2 (50-52% amino acid homology in the kinase domain) but diverge outside of the kinase domain (28) . Consistent with ref. 28 , overexpression of SAD-B caused phosphorylation of tau (S262) (Fig. 2 E, lanes 1 and 2) . However, SAD phosphorylation of tau (S262) did not appear to be regulated by aPKC, even in the presence of PAR-3 and -6 ( Fig. 2 E, lanes 2-4) . These results demonstrate the specificity of aPKC for MARK2.
MARK Is Involved in Neuronal Polarity
Specification. MARK2 has a kinase domain at its amino terminus, followed by a divergent middle (M) region and a conserved carboxyl-terminal (C) region (Fig. 3A ) (29) . To test which domain of MARK2 interacts with aPKC, HEK-293 cells were transfected with vectors encoding Flag-aPKC together with EGFP-MARK2 or mutants. As shown in Fig. 3 , aPKC associated with MARK2 and the fragment containing the M and C regions (amino acids 321-691), but not the M region alone (amino acids 321-582) (Fig. 3B) . To further explore the role of MARK2 in neuronal polarity, primary neurons were transfected with wild-type or mutant forms of MARK2. Ectopic expression of MARK2 resulted in enhanced phosphorylation of tau at S262 (Fig.  3C) . The level of dephospho-tau (Tau1) was decreased by MARK2, whereas total tau remained constant (Fig. 3C) . Interestingly, MARK2MC, which lacks kinase domain but retains aPKC-binding ability, also caused an increase of p-tau (S262) and a decrease of Tau1 (Fig. 3C) . MARK2M, however, which does not interact with aPKC, had no apparent effect on tau phosphorylation (Fig. 3C) .
Next, we characterized the effects of MARK2 on neuronal polarity by expressing wild-type or mutant forms of MARK2 in hippocampal neurons. After being transfected with EGFP-MARK2, only a few neurons attached to poly-D-lysine-coated plates; these neurons showed increased p-tau (S262) staining, but even after culturing for 72 h, they did not develop axons (Figs. 3D  and 4E ). We used MARK2 mutants to investigate the role of MARK2͞aPKC interactions in neuronal polarity. Interestingly, the majority of neurons expressing EGFP-MARK2MC did not polarize. These neurons possessed several minor processes labeled with TUJ1 and lacked a single axon-like long process (polarized neurons with a single axon, 85 Ϯ 6.1% for EGFP and 27 Ϯ 5.0% for EGFP-MARK2MC; P Ͻ 0.01; Fig. 3 E and H) . In contrast, MARK2M expression had little effect on polarity (polarized neurons with a single axon, 73 Ϯ 6.6%; P Ͼ 0.05; Fig. 3 F and H) . To test whether the effect of MARK2MC on polarity was due to delayed neurite growth, we observed the phenotype at later stages. After being transfected with MARK2MC, most neurons failed to polarize even after DIV7, although the neurites kept growing (Fig.  3G) . MARK2MC-transfected neurons also showed a decrease of Tau1 staining at DIV7 (Fig. 3G) . In addition, neurons transfected with a kinase-inactive mutant of MARK2 (MARK2KD) also showed polarity defects (polarized neurons with a single axon, 54 Ϯ 6.1% for MARK2KD and 85 Ϯ 6.1% for EGFP; P Ͻ 0.01; Fig. 3H ).
PAR-3͞PAR-6͞aPKC Counteract MARK2 in Axon Formation. Inhibition of MARK2 by aPKC is predicted to decrease tau phosphorylation, which is expected to enhance MT assembly and axon elongation. Thus, overexpressing aPKC might rescue the polarity defects caused by ectopic MARK2 expression. However, ectopic aPKC was unable to rescue the defects caused by MARK2 (Fig. 4 A and E) . Surprisingly, coexpression of all three components of the PAR-3͞ PAR-6͞aPKC complex did exhibit a rescue effect (Fig. 4 A-C, and  E) . Approximately half of the cells expressing EGFP-MARK2 together with PAR-3͞PAR-6͞aPKC exhibited normal polarity, with at least one long process staining strongly for Tau1 (Fig. 4 C  and E) . In contrast, only 10% of cells cotransfected with MARK2 and either aPKC or PAR-3 plus PAR-6 polarized normally (Fig. 4  A and E) . Thus, the appropriate ratio of the PAR-3͞PAR-6͞aPKC components and MARK2 in hippocampal neurons is essential for proper polarization. The inability of aPKC alone to exhibit rescue effects in primary neurons might be due to its inappropriate localization in the absence of PAR-3 and PAR-6. Indeed, ectopic expression of aPKC alone increased the percentage of neurons with multiple axons and decreased the percentage of neurons with a single axon (Fig. 4E) , an effect similar to that induced by ectopic PAR-3 expression (14, 18) . Consistent with the rescue effect, MARK2 phosphorylation of tau (S262) was inhibited in cells cotransfected with the PAR-3͞PAR-6͞aPKC complex (Fig. 4 B  and D) . Thus, aPKC in complex with PAR-3 and PAR-6 may function to prevent MARK2 from phosphorylating tau in vivo. Neurons transfected with MARK2 (T595A) also failed to polarize properly (Fig. 4E) . Unlike wild-type MARK2, however, the defects caused by the T595A mutant could not be rescued by cotransfection with the PAR-3͞PAR-6͞aPKC complex (Fig. 4 C and E) .
Knockdown of MARK2 Rescues the Polarity Defect Caused by aPKC
Mutant. aPKC has an amino-terminal PB1 domain that binds PAR-6, followed by a Zn-finger domain of unknown function and a kinase domain that binds to and phosphorylates PAR-3 (30, 31) . Expression of the amino-terminal PB1 domain (aPKC-N) dramatically reduced the percentage of neurons with a single axon (41 Ϯ 5.3% for PKC-N and 82 Ϯ 4.8% for EGFP; P Ͻ 0.01; Fig. 5 A and C), presumably by interfering with endogenous PAR-6͞aPKC interactions. When neurons were cotransfected with MARK2 siRNA-1677 and aPKC-N, however, the polarity defects were partially rescued with the majority of neurons exhibiting normal polarity with single axons (64 Ϯ 5.6%; P Ͻ 0.01 compared with aPKC-N). In contrast, siRNA-1180 did not exhibit any rescue effects (Fig. 5C ).
Discussion
In this study, we investigated the role of MARK͞PAR-1 in determining neuronal polarity. We report that: (i) ectopic expression of MARK2 in hippocampal neurons results in an increase of tau phosphorylation at S262 and a loss of neuronal polarity; these MARK2-induced phenotypes were rescued by coexpression of the PAR-3͞PAR-6͞aPKC polarity complex; (ii) reducing MARK2 levels in hippocampal neurons promotes axon outgrowth resulting in neurons containing several axons, rather than a single one, and reducing MARK2 levels rescues polarity defects induced by expression of a dominant-negative aPKC mutant; and (iii) perturbing endogenous MARK2 interactions with aPKC by overexpressing an MARK2 mutant (MARK2MC) abrogates neuronal polarity. Taken together, these results suggest that MARK2 inhibition by aPKC plays an active role in regulating neuronal polarity and, in particular, in regulating axon development. We propose that aPKC, when complexed with PAR-3 and PAR-6, negatively regulates MARK(s), which in turn leads to dephosphorylation of MAPs such as tau, and finally promotes the assembly of stable MTs and axon elongation.
Modulation of MT stability by phosphorylation of MAPs appears to be a major determinant for axon specification (3, 8, 11) . MARK2 phosphorylates tau at S262 (23, 32) , which reduces tau binding to MTs (33) . Similar to the PAR-3͞PAR-6͞aPKC complex (15, 16, 34) , both MARK2 and an inhibited form of MARK2, p-MARK2 (T595), distributed mainly in axons of hippocampal neurons at stage 3. In contrast, p-tau (S262) was concentrated in dendrites but absent from axons (Fig. 6) (28) , indicating that MARK2 is inactivated in the developing axons. The findings that PAR-3͞PAR-6͞aPKC complex and aPKC activity are essential for the establishment of neuronal polarity (15, 16, 34) and that aPKC interacts with and negatively regulates MARK2 (26) led us to postulate that PAR-3͞PAR-6͞aPKC might function by negatively regulating MARK2 in neuronal polarization. The ability of aPKC to inhibit MARK2-mediated tau phosphorylation was demonstrated in HEK-293 cells (Fig. 2 ), PC12 cells (see Fig. 8 ), and primary neurons (Fig. 4) . Knocking down MARK2 levels with siRNA decreased tau phosphorylation at S262, induced formation of multiple axon-like neurites, and promoted axon outgrowth. These results imply that some fraction of MARK2, such as that in dendrites or soma, might be in an active state in which inhibition is sufficient to promote MT assembly and axon outgrowth.
Expression of an MARK2 mutant (MARK2MC) lacking a kinase domain but retaining aPKC-binding domain caused tau phosphorylation and polarity defects ( Fig. 3) , presumably by preventing aPKC from negatively regulating endogenous MARK2. These findings further support the conclusion that aPKC negatively regulates MARK2 to promote neuronal polarity. Additional support for this conclusion comes from the following observations: inhibition of aPKC in hippocampal neurons led to decreased levels of p-MARK2 (T595), an ''inhibited'' form of MARK2 (Fig. 2B) ; expression of the PAR-3͞PAR-6͞aPKC complex partially rescued the phenotype induced by overexpression of wild-type MARK2 but not the T595A phosphorylation mutant; and lastly, MARK2 knockdown partially rescued the polarity defects caused by expression of a dominant-negative aPKC mutant (Fig. 5) .
Inhibition of GSK3␤ by the phosphatidylinositol 3-kinase͞AKT pathway is essential for neuronal polarization (12, 13) . The substrates of GSK3␤ include several MAPs, such as CRMP-2, MAP1B, tau, and APC, in which phosphorylation prevents interaction with MTs (12, (35) (36) (37) (38) . Interestingly, GSK3␤ phosphorylation of tau requires prior phosphorylation by PAR-1 in Drosophila (32) . It will be interesting to investigate whether GSK3␤ phosphorylation of tau also requires MARKs in the mammalian system. A recent study suggests a causal relationship between PAR-1 and GSK3␤, whereby GSK3␤ directly phosphorylates and activates MARK2͞ PAR-1 (39) . Another possibility is that phosphatidylinositol 3-kinase͞AKT͞GSK3␤ pathway acts in parallel with the PAR-3͞PAR-6͞aPKC͞MARK2 pathway in establishing neuronal polarity. Activation of either pathway may be sufficient to promote MT assembly and axon elongation.
Expression of PAR-1͞MARK2 in neuroblastoma N2a cells promotes neurite outgrowth, whereas the formation of neurites is blocked if MARK2 is inactivated (23) . In addition, PAR-1͞MARK 
